Dioxins can enter the food chain at any stage, including crop fertilization. Therefore, we developed a simple method for estimating the introduction of dioxins in the food chain according to various fertilization practices. Using dioxin's contamination data taken from the literature, we estimated that fertilization accounts for approximately 20% of the dioxin inputs on agricultural soils at country scale. For the estimations at the field scale, 6 fertilization scenarios were considered: sludge, compost, digestate, manure, mineral fertilizers, and a common fertilization scenario that corresponds to an average situation in Belgium and combines mineral and organic fertilizers. According to our first estimations, mineral fertilizers, common fertilization practices or manure bring less than 1 ng TEQ/m² while atmospheric deposition or digestate bring between 1 and 3 ng TEQ/m² and sludge or compost bring more than 3 ng TEQ/m². The use of solid fertilizers could potentially increase the dioxin levels in the 30 cm agricultural soil layer by 0 to~1.5% per year (up to~9% for the 5 cm thick surface layer). For animals, the increase in dioxin ingestion linked to the fertilization practices is lower than 1% for most scenarios with the exception of the compost scenario. Increases in human dietary intake of dioxin are estimated to be lower than 1% for conventional rearing methods (i.e. grazing animals are reared outdoor while pigs and poultry are reared indoor). Spraying liquid fertilizers on meadows and fodder crops, even if very limited in practice, deserves much more attention because this application method could theoretically lead to higher dioxin's intake by livestock (from 6 to~300%). Considering an average half-life of dioxins in soils of 13 years, it appears that the risks of accumulation in soils and in the food chain are negligible for the various fertilization scenarios.
a b s t r a c t a r t i c l e i n f o
Introduction
Polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and dioxin-like polychlorinated biphenyls (DLPCBs) belong to a class of organic compounds which are referred to as dioxins because they exhibit "dioxin-like toxicity", commonly expressed in toxicological equivalents (TEQ) (Van den Berg et al., 1998; 2006) . Human exposure to dioxin is a matter of concern. These compounds cause impairment of the immune system, the nervous system, the endocrine system and the reproductive functions and are also suspected of causing cancer (European Commission, 2010) . The World Health Organization recommends considering these compounds as priority contaminants for inclusion in monitoring programs (WHO, 2006) .
Dioxins are classified as persistent organic pollutants (POPs) meaning, among others, that they bioaccumulate in the food chain (Stockholm Convention on Persistent Organic Pollutants, 2008). Nevertheless, limited attention is given to the possible incorporation of dioxins into the food chain through the use of agricultural fertilizers. At the same time, some organic fertilizers like sludge or compost are known to contain dioxins while the presence of dioxins in other fertilizers is little documented and cannot be excluded (Brändli et al., 2007; Kupper et al., 2007; Martinez et al., 2007; Van Gestel et al., 2007; Brandling et al., 2005; Zennegg et al., 2005; Fuentes et al., 2007; Brändli et al., 2004; Eljarrat et al., 2003; Groeneveld and Hébert, 2002; Stevens and Jones, 2002; Stevens et al., 2001; Eljarrat et al., 1999; Paulsrud et al., 1999; Rogowski et al., 1999) .
In this work we use the term fertilizer to designate any kind of material that is added to the soil to increase the nutrient content or to improve the soil properties, including chemical fertilizers, sludge, compost and soil conditioners. Sludge is the biosolid produced during the purification process of urban waste water, industrial waste water or surface water. Although different in composition, these sludges will be grouped and simply referred to as sludge.
Currently, no legal limit for dioxin concentration in fertilizers is set by the European legislation. National legislations are more restrictive, often imposing PCB limits and sometimes even PCDD/F limits for biowastes. In Belgium, organic fertilizers must contain less than 0.8 mg PCBs/kg dw for the sum of the seven marker PCBs in the Flemish region (OVAM, 2005) and less than 0.5 mg PCBs/kg dw for the sum of the seven marker PCBs in the Walloon region. No monitoring is done yet for the PCDD/Fs (FPS, 2010, unpublished document) .
The present report has two objectives. Firstly, it proposes a simple method to assess the potential impact of fertilization practices on human intake of dioxins. Secondly, the developed method is applied to the Belgian situation as a proof of concept, using data gathered from the literature.
Methods

Concept
The impact of fertilization practices on the human dioxin intake has already been assessed for sludge (Wild et al., 1994; McLachlan et al., 1996; Rideout and Teschke, 2004) and for the combined use of biological wastes and chemical fertilizers (Fouchécourt and Beausoleil, 2001) . Here, we describe a simple method which specifically aims at a comparison of fertilization practices at each step of the method.
In this study, two different scales are considered. At the territory scale, we assess the quantities of dioxin brought by fertilization practices throughout the territory in order to obtain information concerning the whole population. At field scale, we consider the impact of the worst case practices on the human dioxin intake. For each described fertilization practice, the effect on the soil dioxin levels is calculated. Further estimation of the impact on feed-and foodstuffs, as well as on the possible dioxin intake by humans, is carried out.
According to a literature review from the European Commission Joint Research Centre (Erhardt and Prüeß, 2001 ), four main pathways should be considered when assessing the transfer of POPs from sludge to humans. These are transfer (i) sludge-man by handling, (ii) soil-man (soil ingestion by human), (iii) soil (-plant)-animal and (iv) soil-water. However, here, we are only interested in transfer pathways that are relevant for the general population. Nonoccupational sludge or soil ingestion or inhalation by humans is very unlikely to occur at significant levels. Moreover, Wild et al. (1994) estimated that food accounts for more than 99% of the human dioxin intake, while the intakes from water and air are negligible. At the same time, if we exclude aquaculture, most of the fish eaten in Belgium is coming from the sea and not from rivers, lakes or ponds (Willemsen, 2003) . The increase of the seawater dioxin level caused by fertilizers use, although uncalculated, can be reasonably considered as negligible. Indeed, dioxins are not mobile in soil (lipophilic) and direct water contamination by fertilizers is scarce (only through point contamination). Therefore, it is considered that merely the soil (-plant)-animal pathway is impacted by fertilization practices. The word "plant" is put in brackets because, most of the time, it only serves as a support for soil or fertilizers since dioxin uptake by plants is generally extremely low (Uegaki et al., 2006) . In some cases (cucurbitaceae), soil-plant dioxin transfer is of importance but these species are exceptions and are of minor importance for human dioxin intake (Huelster et al., 1994) .
Two kinds of fertilization practices are distinguished; solid fertilizers are believed to drop on soil after spreading, resulting in a soil contamination, while liquid fertilizers can be sprayed on plants, stick to leaves and lead to a plant contamination.
The developed method is valid for typical feeding conditions. Involuntary feed contamination by dioxins (e.g. by incorporation of contaminated fat into animal feeds) do not belong to the scope of this paper.
Impact at territory scale
At territory scale, the total amount of dioxins brought to agricultural soils by fertilizing practices is assessed considering for each fertilizer the quantity applied to the entire territory and the estimated TEQ levels (Eq. (1) The impact of fertilization practices at field scale is developed in 4 different steps that are described in this section and represented in Fig. 1 .
Identification of fertilizing scenarios
Six fertilizing scenarios are proposed for solid fertilizers use (manure, sludge, compost, digestate, NPK and common scenario) and four scenarios are proposed for liquid fertilizers sprayed on plants (manure, sludge, digestate and NPK). Each scenario tries to maximize the use of a specific fertilizer while the common scenario represents an average fertilization. The average fertilization is calculated by dividing, for each fertilizer, the known or estimated consumption throughout the territory by the agricultural surface. Liquid fertilizers are not considered in the common scenario because we have no data about the proportion sprayed on plants rather than on soils. By default, these fertilizers are considered to be spread on soils, like solid fertilizers, for the common scenario. Real practices are always combination between these scenarios and will always result in a dioxin transfer lower than the higher value for a specific fertilizer. Over fertilization is not considered in this report because the most common scenario does not imply over fertilization and because the proposed specific scenarios already represent worst case situations (organic fertilizers are scarcely applied at maximum rates in Belgium).
In Belgium, fertilization rates at field scale are limited by federal and regional regulatory constraints. For practical reasons, we regard Belgium as one single entity by considering for each fertilizer the maximum permitted application rate according to the most permissive legislation. The maximum fertilization rates are considered to be equal for solid and for liquid fertilizers. The maximum Nitrogen fertilization rate is 350 or 275 kg N/ha, on Belgian meadows or crops respectively with a maximum of 230 or 170 kg N/ha provided by organic fertilizers. For sludge, no more than 2 tons dw can be annually applied on meadows and 4 tons dw on crops. The chemical
Impact on soil dioxin contents Impact on feed and food dioxin contents Human intake fertilizer scenario only relies on chemical fertilizer use. For the manure, sludge, compost and digestate scenarios, nutrition is then fitted with mineral fertilizers in order to provide, for meadows or crops respectively, a minimum of 350 or 275 kg N/ha, 100 or 85 kg P 2 O 5 /ha and 200 or 300 kg K 2 O/ha, considering that 1 kg chemical fertilizer supplies 1 kg N or 1 kg P 2 O 5 or 1 kg K 2 O (Nitrawal, 2011; Mestdecreet, 2006; AGW 12/01/95) .
For the manure, compost and digestate scenarios, the maximum permitted application rate is determined by the nitrogen content and the maximum permitted nitrogen application rate.
For the common scenario, fertilization rates are provided by descriptive statistics presented in Section 3.
Since no regulations or statistics are available for liming materials, we arbitrarily consider a realistic default input of 850 kg/ha.
Determination of the impact of fertilizing practices on the dioxin content of soils
The total dioxin input on fields is calculated using Eq. (2). For each of the proposed scenarios, fertilizer application rates are multiplied by dioxin levels.
Then, according to the depth of incorporation, a dilution factor is applied to calculate the impact of the fertilization scenario on the dioxin content of the soil. Without incorporation, it is assumed that natural processes incorporate the fertilizers in the upper 5 cm. Otherwise, fertilizers are typically incorporated in the upper 30 cm through plowing. After one year of fertilization, the dioxin content in the soil will be increased by the quantity of dioxin added divided by the quantity of soil available for dilution (see Eq. (3)).
In Eq. (3), the underscore 0 refers to the situation without fertilizers application (or before fertilizer application) and the underscore 1 refers to the situation after one year fertilizers application.
Evaluation of the influence of fertilization practices on dioxin content in food
Two main categories of food are distinguished; vegetable and animal products. Vegetable products are considered to be exposed to dioxins through atmospheric depositions or through direct contact with liquid fertilizers while animals are exclusively exposed to dioxins through their diet, whereby soil is considered as a part of the diet. The proportion of soil and feedstuffs in the diet is evaluated differently for animals reared indoor and for animals reared outdoor (indoor reared animals are supposed to be raised inside buildings, without access to the outside). For outdoor rearing, fertilizers are supposed to be spread on meadows without plowing while for indoor rearing, fertilizers are supposed to be spread on soils and incorporated (crops). For liquid fertilizers applied on plant aerial parts (stem and leaves), we consider that 5% of the fertilizer is kept by the leaves instead of going straight to the soil (McLachlan et al., 1996) . The dioxins found in these 5% are thus directly present in the feedstuffs ingested by the animals.
Dioxin levels of the diet are then calculated in Eq. (4) according to both feed and soil diet ratio and levels of dioxins (weighted average). Diet proportion is a number varying between 0 and 1 that describes, for each component of the animal diet, the relative part of the diet dry weight.
The basic hypothesis for this step is that for each animal, the dioxin content of the animal products (eggs, milk or meat) is directly proportional to the amount of dioxins in the animal diet (see Eq. (5)). Any modification of the animal diet dioxin concentration will therefore directly generate a proportional modification of the animal products dioxin content. This equation is only valid under the hypothesis that the dioxin concentration in fat is directly proportional to the dioxin content in feed and/or soil and does not take into consideration any possible change in the animal fat content. In Eq. (5), the subscript 0 refers to the situation without fertilizers application (or before fertilizer application) and the subscript 1 refers to the situation after one year fertilizers application.
2.3.4. Comparison of human dioxin intake for various fertilization practices The impact of fertilization practices on the human daily intake of dioxin is assessed considering human diet and dioxin contamination of foodstuffs. It is considered that fish, cereals, fruits and vegetables dioxin levels are unaffected by fertilization practices. Eq. (6) is used to calculate the daily human dioxin intake. For each foodstuff, the average consumption is multiplied by the typical dioxin contamination. Then, the sum of all the intakes represents the total dioxin intake.
Human daily dioxin intake pg TEQ day ¼∑ðFood consumption g day
For Belgium, typical human diet composition is taken from Focant et al. (2002) while typical food dioxin contamination levels are taken from Windal et al. (2010) .
Maximum tolerable dioxin inputs (MTI)
Dioxin inputs are considered acceptable on the long run if they do not cause dioxin accumulation in soils. This situation is only encountered when degradation rates exceed inputs. Annual decrease rates are linked to the half-life (t 1/2 ) according to Eq. (7) and MTIs are calculated for 3 incorporation depth and three half-lives according to Eq. (8). Half-lives are given in years. Eq. (7) calculates the dioxin degradation in soils after one year assuming an exponential decay and a typical initial soil contamination of 3.4 ng TEQ/kg. Eq. (8) calculates the quantity of dioxin per surface unit that is degraded after one year.
Annual decrease ratio ¼ 1Àe
Data
Inputs have been obtained from various sources. Information on dioxin levels in fertilizers are reported in Appendix A and summarized in Table 1 . These data were obtained in literature from the last 12 years, whereby studies including very few samples were discarded. Fertilizer contamination levels are averages of median values. When no median data were available, means were considered. DL-PCB contamination data was only available for a limited number of matrices only. Missing DL-PCB data were calculated on basis of the PCDD/F levels, assuming that DL-PCB levels should account for 1/3 of the total dioxin contamination. This assumption is in agreement with the figures commonly encountered in the literature, although no consensus on the DL-PCB part of the total dioxin content could be found. For comparison, Kerst et al. (2003) reported that, on average, DL-PCBs represent 30% of the total dioxin contamination for compost and 55% for sludge while in our compiled data DL-PCBs represent 13% of the total dioxin contamination for compost and 28% for sludge. For the sake of clarity, all TEQ systems (I-TEQ, WHO,98-TEQ, WHO,05-TEQ and N-TEQ) are considered to be equivalent and are therefore merely referred to as TEQ, without distinction.
We assume an animal diet exclusively composed of vegetative feedstuffs and soil. The soil accounting for, respectively, 0. 5% or 6% of the dry matter ingested for animals reared indoor or outdoor, no matter the species (Fries et al., 1982; Fries, 1996; Wild et al., 1994) . Here, we work with a typical dioxin contamination of 0.29 ng TEQ/ kg 88%dw for vegetative feedstuff and of 3.43 ng TEQ/kg dw for soil (EFSA, 2010; Table 1 ).When dealing with liquid fertilizers sprayed on plant leaves data were adapted. Under these conditions, it is assumed that the fertilizers are homogeneously applied and represent 5% of the vegetative feed material (Wild et al., 1994) . Descriptive statistics about fertilizer compositions and uses at territory scale are presented in Table 2 . Throughout the study, we consider a soil with a density of 1.6 t/m³, initially containing 3.4 ng TEQ/kg dw. Table 3 shows the human dioxin dietary intake values used in this study.
Results
Impact at the Belgian scale
The estimated amount of fertilizer dioxins (PCDD/Fs + DL-PCBs) spread annually on Belgian agricultural soils at territory scale is plotted in Fig. 2 . No accurate data are available for the application of liming materials and digestate in Belgium. Hence these products are not included in Fig. 2 .
Annual inputs at the Belgian scale were calculated using Eq.
(1) and roughly represented 9 g TEQ/year from which about half is supplied by manure. For comparison, the total atmospheric dioxin depositions on agricultural soils are set equal to 33.6 g TEQ/year (for PCDDs, PCDFs and PCB 126), considering 15 351 km² of agricultural soils in Belgium and average depositions of 6 pg WHO-TEQ/m² day (FPS, 2010; VMM, 2010) . Atmospheric depositions were, however, measured close to pollution sources and are probably overestimated.
Selection of fertilization scenarios
Two main categories of agricultural land use were selected: meadows and crops. For each category, all scenarios are tested. The various scenarios give us a range of values that better represent to real situation as fertilization practices are in practice so highly variable. Table 4 gives fertilizer application rates calculated for each scenario. 
Transfer to soil
Transfer of dioxin from fertilizers to soil is presented in Fig. 3 . In this figure, an input of dioxin to agricultural soils is associated with each fertilization scenario, for meadows as well as for crops. Moreover, the inputs are directly proportional to the soil dioxin contamination, represented as second axis. In this case, we represent the soil dioxin contamination for an incorporation depth of 30 cm but for some special applications (for example non-plough methods, and free-range hens, …) a thinner soil layer may be considered (e.g. the 5 cm surface soil) and the dioxin concentration will be adjusted accordingly. For comparison, annual atmospheric depositions are plotted at the right. Inputs on meadows and on crops are quite similar for each scenario at the exception of the sludge scenario. We can see that mineral fertilizers, common fertilization practices or manure bring less than 1 ng TEQ/m² while atmospheric depositions or digestate bring between 1 and 3 ng TEQ/m² and sludge or compost bring more than 3 ng TEQ/m².
Transfer to the food chain
The impact of fertilization practices on the dioxin content of animal products is displayed in Fig. 4 for solid and liquid fertilizers. Fish and consumption plant dioxin contents are believed to be unaffected by fertilization practices. Application methods play a critical role when dealing with dioxin transfer to soil. For the application of solid fertilizers, the only way animal dioxin ingestion is affected by fertilization practices is through the ingestion of contaminated soil. For liquid products sprayed on the plant aerial parts, we consider that a small amount of product remains on the vegetation. Calculation of the transfer of dioxin from soil or fertilizers to the food chain is based on Eqs. (4) and (5).
The dioxin ingestion increase linked to fertilization practices is one to two orders of magnitude higher for free-range animals than for animals reared indoor. Although evident, the difference between both rearing methods is of low interest with less than a 1% increase of the total diet dioxin levels for each scenario with the exception of the compost scenario. For liquid fertilizers sprayed on plant aerial parts, results are totally different. This practice can increase animal fat dioxin content by 6 to 296% according to the fertilizer applied and the rearing environment.
Potential impact on human dioxin intake
Increases in human dioxin intake linked to each scenario are found in Table 5 . All calculations are made using Eq. (6). Calculated increases range from 0 to 3.3% solid fertilizers and from 4.9 to 254% for liquid fertilizers. Moreover, results are highly dependent of the rearing method. For the conventional rearing method, we consider that grazing animals (bovine, equine, and ovine) are reared outdoor while non-grazing animals (pigs and poultry) are reared indoor.
Common fertilization practices and fertilization with solid products have little impact on human dioxin intake. However, some practices, like spraying liquid fertilizers on aerial parts of plants, could somewhat influence human dioxin intake. It is important to underline here that in every scenario, we assume that 100% of our diet consists of foodstuffs cultivated or bred on soils fertilized according to the considered scenario. When reading this table we need to keep in mind that the average contamination is given by the common scenario and that all other scenarios correspond to specific conditions which may not occur likely.
Impact of multi-year fertilization practices
The method presented above describes the impact of a single year fertilizers use. As PCDD/Fs and DL-PCBs are persistent in the environment, an assessment of the impact of several years of fertilization practices is needed. Data about half-life are congener specific and vary widely according to local conditions. Estimates are ranging from years to decades according to a study by Bodénan and Garrido (2004) . Three half-life values, considered as a lower bound, an average and an upper bound, are proposed.
The MTI is calculated from the half-life using Eqs. (7) and (8). The results, presented in Table 6 , represent the maximum quantity of dioxin which could be added to soils annually without increasing the soil dioxin content. Fig. 3 . Dioxin inputs after one year fertilization. Each column height can be read at the same time on the left axis (absolute value) and on the right axis (comparison with the soil dioxin content assuming an incorporation depth of 30 cm).
Soil contamination increase (%) Input (ng TEQ/m²)
Meadow Crop
Discussion
The method here proposed is designed to assess the dietary intake of dioxins by the general population and does not consider accidental contamination of fertilizers nor occupational exposure.
The dioxin level in animal products (meat, eggs, and milk) is linked to the dioxin content in the feed by a linear relationship (Hoogenboom et al., 2006; Rideout and Teschke, 2004; Van Overmeire et al., 2009) . While for animals reared indoor, the ingestion of dioxins is mainly linked to feedstuffs ingestion, animals reared outdoor ingest significant amounts of soil ranging from 0.5 to~8% of the dry weight ingested (Fries, 1996) . Moreover, the relative bioavailability of dioxins present in soils ranges, according to studies and animal species, from 2 to 100% compared to vegetal fat (SRC Inc., 2010) . This huge variability forced us to consider the worst case which is a 100% relative bioavailability.
For liquid fertilization, we assume that the amount of dioxin (5%) that is captured by the leaves during the treatment will remain there until the plant is eaten. This is a probably a worst case scenario. Data from the Vietnam War, however, show that when Agent Orange was spread on vegetation, TCDD was absorbed within minutes by the wax layer of the leaf cuticle. Then, the TCDD adhering to or absorbed by this layer could not be physically dislodged anymore (Young et al., 2004) . Moreover, data about photodegradation of dioxin is often conflicting with half-lives ranging from hours to more than six weeks (McLachlan et al., 1996; Schuler et al., 1998; Niu et al., 2003) . This clearly shows that there is a lack of knowledge about the fate of dioxins in contact with leaves or other plant part and that 5% incorporation into the plant biomass is not necessarily an unrealistic case.
The calculation of a Maximum Tolerable Input (MTI) allows easy detection of the fertilization practices which, if systematically applied, would increase the soil dioxin levels over time. For inputs exceeding the MTI, the amount of added dioxin is higher than the amount which is annually degraded and the soil dioxin content will increase. However, this approach considers that the half-lives of dioxins in soil are not affected by their origin; dioxins brought by fertilizers have the same half-live as the dioxins already present in the soil.
At the Belgian scale, the total PCDD/Fs and DL-PCBs inputs to agricultural soils through fertilizing materials are estimated to be about 9 g TEQ/year, of which more than three quarters is linked to manure and sludge application. This input is four times smaller than atmospheric depositions meaning that 20% of the dioxin input to agricultural soils is caused by fertilization practices.
At field scale we observe huge variations in contamination levels between scenarios, inputs range from an order of magnitude under (NPK) to an order of magnitude above (compost) atmospheric depositions according to the fertilizing scenario. Moreover, the soil contamination increase in percent is multiplied by 6 for the same fertilization practice if the incorporation depth is of 5 cm instead of 30 cm.
The transfer of dioxins from fertilizers to the food chain is rather limited. No scenario using solid fertilizers increases animal dioxin ingestion in a significant way. Liquid fertilizers, on the contrary, strongly increase animal dioxin ingestion. However, their use on plant aerial parts is rather scarce, except for the nitrogen solution which is commonly sprayed on forages. One has to keep in mind that, because of a lack of data, liquid fertilizers are supposed to be spread on soils and not on vegetation in the common scenario.
Three estimations of the dioxin daily intake of the Belgian population are available to our knowledge. A first one from Focant et al. (2002) , proposing an average ingestion of 2.04 pg TEQ/kg bw day, a second one from Bilau et al. (2008) , proposing an average ingestion of 1.74 pg CALUX-TEQ/kg bw day and finally, one from Windal et al. (2010) , proposing an average ingestion of 0.72 pg TEQ/kg bw day. Data for Belgian dioxin ingestion used in this study are based partly on Focant et al. (2002) and partly on Windal et al. (2010) . We worked with the dietary data from Focant et al. (2002) because they are based on agricultural productions (raw products) and not on food consumption (processed products) but we used the food dioxin levels from Windal et al. (2010) because they consider all the DL-PCBs and not only the nonortho PCBs. The values for the increase of the human daily intake of dioxins due to fertilizers application are low for scenarios based on solid fertilizers (up to +3.30%) and high for scenarios including liquid fertilizers (from +4.90 to +254.15%). Moreover, when fertilizers are spread on soils, the increase in dioxin ingestion is higher for animals reared outdoor than for animals reared indoor or in a conventional way (grazing animals reared outdoor and non-grazing animals reared indoor). This situation is linked to the greater ingestion of soil and associated fertilizers for animals reared outdoor. On the other hand, for liquid fertilizers sprayed on plants, the increase in dioxin intake is higher for foodstuffs coming from indoor rearing than for those coming from conventional or outdoor rearing practices. This is linked to a lower background contamination for indoor rearing (less soil ingested) and thus to a stronger relative increase.
Increas (%)
For comparison, the increase of the human daily intake of dioxin linked to the use of sludge calculated here is close to the one obtained by Wild et al. (1994) . In a worst case, sludge application to agricultural soils with incorporation into soil could only increase the human dioxin intake by less than 1%. However, if we consider that the sludge is sprayed and sticks to the plants, then human dioxin intake could increase by 49% according to Wild et al. and by 181% (assuming conventional rearing) according to this study.
The impact of multi-year fertilization on the soil dioxin content is estimated using a maximum tolerable input (MTI) that represents the maximum quantity of dioxin that may be added annually to soils without increasing their dioxin content. This input can be compared to the dioxin input linked to each scenario (see Fig. 3 ). Concerning the half-life time of two years, none of the scenarios could cause an increase of the soil dioxin content. Concerning the half-life time of 13 years, systematic application of compost without incorporation could increase soil dioxin content over time but no increase is expected as a consequence of the other fertilization practices. And finally, concerning the half-life of 54 years, the use of sludge or compost could, for various incorporation depths, increase soil dioxin content over time. When the input exceeds the MTI a maximum frequency of application permitting safe use can be calculated (Input/ MTI). For instance, in order to avoid increasing soil dioxin levels on meadows, without incorporation, compost shouldn't be applied more than once per two years for an average half-life (13 years). It also indicates that, in most of the situations, there is no risk of increasing the soil dioxin content on the long term and that risk assessment on a one year basis is relevant.
Data about the impact of several years of fertilization practices are often conflicting. Fouchécourt and Beausoleil (2001) estimate that after 100 years of sludge use, soil dioxin levels would increase by 5% at usual fertilization rates and by up to 10% for the worst case, whereas a review from Rideout and Teschke (2004) reported some cases where soil PCDD/F levels are increased by a factor of 7.1 after decades of sludge application.
Conclusions
The method presented in this paper is a practical and simple way for assessing the impact of agricultural practices on human dioxin daily intake. Comparisons between fertilization practices are possible at each step of the process. However, results are dependent on the initial assumptions and, at the same time, data about dioxin levels in soil, fertilizing products, food and feedstuffs are often conflicting. Further work would allow a more accurate risk assessment. At the moment, very little information is available on the degradation rates of the dioxins sprayed on the plants and on the part that will remain on the vegetation or run-off to the soil. In the same way, information about dioxin relative bioavailability in soils and on plant foliage is often conflicting. Nevertheless, this method can be useful when assessing the relative contribution of fertilization practices on soil and foodstuffs dioxin levels.
Potential dioxin inputs linked to fertilizers, sludge and soil conditioners are highly variable. Mineral products have generally low dioxin contents and are applied at low rates while products made of organic matter have higher dioxin content and are applied at higher rates. One remarkable exception is manure which is but slightly contaminated. As a result, a plot fertilized with compost receives about one hundred times more dioxins than a plot fertilized with chemical fertilizers. Despite this, we estimate that dioxin levels in foodstuffs are generally only slightly impacted by fertilization practices.
The main and possibly only practice that could lead to higher human dioxin intake is the spraying of liquid fertilizers on plant aerial parts, which is an uncommon practice for liquid sludge, digestate and manure but is a common practice for nitrogen solution and specialty products containing micronutrients. Considering an average half-life for dioxins in soil, it appears that the risk of increasing soil dioxin levels through fertilization practices is limited.
